Closed-form mechanisms of relative manipulation robot is an effective structure which helps to improve the accuracy and flexibility in technological processes. Unfortunately, the requirement about knowledge of exact dynamics of closed-form mechanisms of relative manipulation robot is arduous since it consists of numerous joints and links, and the identification of the kinematic relationship of closed-form structure is also complicated. This causes several shortcomings for controlling closed-form mechanisms of relative manipulation robot by using vector control algorithms because these methods require exactly dynamical equations of control systems. In contrast, the fuzzy controllers do not require knowledge of detailed mathematical equations of the control system since the fuzzy sets aim to capture the semantics of natural linguistic terms present in the fuzzy controller knowledge. Moreover, they have capability of handling uncertain and noisy signals, this helps to deal with the external environmental forces. This article proposes a fuzzy-based controller for closed-form mechanisms of relative manipulation robot to overcome mentioned problems by eliminating the identification of exact dynamics and kinematic constraints of closed-form structure. To verify the performance of the proposed method, the fuzzy-based controller is applied to a welding task by using a model of two-component mechanism which includes one closed-form manipulator and one serial manipulator. The welding task is also conducted by using conventional controllers in which the detailed dynamical equation is applied for the proportional-derivative (PD)-type and proportional integral derivative (PID)-type computed torque controllers, whereas the fuzzy-based controller just uses several nominal parameters.
Introduction
Recently, mechanisms of relative manipulation (MRM) robot has been researched and applied to technological processes in which the technological manipulations are conducted in moving coordination space, whose purpose is to enhance the flexibility and accuracy. The MRM robot consists of two or more manipulators of which constructive mechanisms cooperate with other ones to serve a desired task. The kinematic structure of component mechanisms of MRM robot may be open chain, closed-form, or parallel. Open chain mechanisms allow formulating the dynamical model by using independent generalized joint variables and Lagrange equations of the second kind; and as a result, it gives favorable conditions to analyze the forward-inverse kinematics and identify the dynamical elements to serve control issues. However, the vibration and deformation during the technological processing are still open problems for the accuracy since serial manipulators are used as components of MRM robot. [1] [2] [3] To solve this problem, the closed-form manipulator includes actuated joints and passive joints (herein their links form a closed-form structure), which is proposed to improve the stiffness of MRM robot's structure. As a result, the accuracy is increased since the vibration and deformation are decreased. Unfortunately, the use of closed-form manipulator makes kinematic relationship and dynamical equations of MRM robot more voluminous and complicated because not only does the dynamical model of closed-form MRM robot require Lagrangian multipliers, but it also has to guarantee the technical requirements and the kinematic connections of closed-form structure simultaneously. 4, 5 Furthermore, the external environmental forces are difficult to determine analytically, which is also problem for dynamical equations. Today, vector control algorithms are dominantly applied in robotics, largely because of the inherent simple design and application. These methods require detailed dynamical model of control systems; thus it causes several drawbacks for controlling closed-form MRM robot.
Introduced by Zadeh, 6 the human-like inference mechanism of fuzzy logic is an effective tool to present expert knowledge in engineering issues. The fuzzy controllers do not require knowledge of detailed mathematical equations of the control system and allow a more intuitive approach, compared to vector control algorithms. Besides, they have capability of handling uncertain and noisy signals. All this is achieved at the expense of a substantial increase in the computational requirements compared to the vector control algorithms, whereas the design process itself usually relies on the expert knowledge of the control system. In which, fuzzy control has been successfully applied in many industrial problems. This article presents a model of fuzzy-based controller for a closed-form MRM robot, which aims to overcome the difficulty of closed-form MRM robot's kinematic and dynamical identification in control. The proposed model of MRM robot is a two-component mechanism which includes a closed-form manipulator and a serial manipulator. Closed-form manipulator brings the tool (tool-robot) and serial manipulator brings a jig which is used to hold the workpiece (jig-robot).
The rest of this article is organized as follows. In the second section, a closed-form MRM robot model as long as its kinematics and dynamics are proposed. Then, the brief description of PD-type and PID-type computed torque controllers is proposed in the third section. A fuzzy-based controller is formed in the fourth section. In the next section, a welding task is conducted by using the proposed closed-form MRM robot in which the PD-type and PID-type computed torque controllers and the proposed fuzzy-based controller are applied to the welding task in simulation level to evaluate the performance of proposed method. The last section presents the conclusions of the research work.
The proposed closed-form MRM robot model
The proposed closed-form MRM robot is presented in Figure 1 , which consists of a tool-robot, a jig-robot, and the technological object. This proposed closed-form MRM robot is used for welding task (or laser machining, or grinding, or milling, etc.). The tool-robot is closed-form, and the jigrobot is serial. The tool-robot includes unmovable base L 10 , movable links L 11 , L 12 , L 13 , L 14 , and L 15 in which there are two passively movable joints and three actuated joints. The jig-robot includes unmovable base L 20 , movable links L 21 , and L 22 in which there are two actuated joints.
Kinematic analysis
The kinematic parameters of the proposed closed-form MRM robot model are presented in Figure 1 and Table 1 
where n is the number of actuated joints and s is the number of passive joints. The tool is attached on L 13 and the workpiece is attached on L 22 . The technological manipulation is conducted by the relative motions between tool and workpiece, which is determined through the frame of robot's end effector in the task space. This frame is made out by the position and orientation of x 13 y 13 z 13 with respect to In practice, the explicit performance of equation (3) just can be conducted for three first lines of translational components. It is difficult to perform explicitly for orientation components. In general, the relationship of p and q is formed f ðq; pÞ ¼ 0 ð4Þ
According to technological requirements and the number of degree of freedom (DOF) of MRM, relative motions of tool with respect to workpiece can be presented The equation (6) guarantees the relative motions between tool and workpiece which is formed based on technological requirements and the number of DOF of MRM robot. This equation is called program constraint or program motion of robot. [1] [2] [3] [4] [5] In addition, the closed-form structure includes constraints of joint coordinates, presented These kinematic constraints depend on mechanical structure of robot; and hence, they are called mechanical constraints. [1] [2] [3] [4] [5] Based on technological requirements and matrix transformation method, equations (4), (6), and (8) are established, including (6 þ n þ s) equations. Using these equations, the set of (6 þ n þ s) parameters in (1) and (2) can be specified, and so that the trajectory of robot's motion are determined (6 þ n þ s).
The jig-robot is 2-DOF manipulator which consists of two actuated joints. The tool-robot is a closed-form structure which consists of three actuated joints and two passive joints. The kinematic closed-form chain of tool-robot is described by Dynamical model Table 2 presents dynamical parameters of the proposed MRM robot model, where the center of mass, the inertia tensor, and the mass are received from Solidworks. A dynamical model of MRM robot is represented
here JðqÞ ¼ @f c @q ð12Þ ðk; l; jÞ _ q k _ q l ð16Þ ðk; l; jÞ ¼ 1 2
GðqÞ ¼ ½g 1 ; g 2 ; ::; g N T with g j ¼ @Π @q j ð18Þ
here J Ti , m i , and J Ri are the translational Jacobian, the mass, and the rotational Jacobian of the ith link, respectively. Y ci is the inertia tensor about the center of mass C i of the ith link, performed in the frame which located at the ith link's center of mass. Π is the potential energy of the system. q; _ q; € q are joint position, velocity, acceleration, respectively. (k, l;j) is Christoffel notations first class. m kl (k, l ¼ 1, . . . ,7) are elements of the mass matrix M(q). U is the expression of the calculated force/torque which matches the programmed motion of the robot 30, 31 U ¼ ½U 1 ; U 2 ; :::; U n ; 0 1 ; :::; 0 s T ð19Þ Elements of Q are the expressions of the generalized forces of friction, noise, and other non-conservative forces, which affect the robot
here B _ q is viscous friction, Dsignð _ qÞ is coulomb friction, and Q a is nonconservative forces. Elements of Q* are the expressions of the generalized forces of reaction forces, which are created by mechanical constraints (8) . It is determined by Lagrange multiplier method 30, 31 
where
In practice, only nominal parameters of the proposed MRM robot are available for controllers since the accurate parameters M, , G, and Q* in (11) are unknown. Especially, Q* depends on mechanical constraints (8) and the movement status of closed-form MRM robot. Moreover, Q cannot be obtained adequately. However, the exactly dynamical model of closed-form MRM robot must be identified to measure the control force U when conventional controllers are used.
One of well-known control methods is computed torque control which requires exactly dynamical equations of control systems. Besides, processing the mechanical constraints at each iteration causes the complexity and lingering for controller. It is more difficult to design realtime controller for closed-form MRM robot since closedform structure is complex.
Above difficulties can be eliminated by using fuzzybased controller. 17 In this article, to verify the performance of proposed controller, a comparison among fuzzy-based controller, PD-type and PID-type computed torque controllers is implemented in simulation level by using the proposed MRM robot model. It is assumed that the dynamical model (11) is determined exactly for the PD-type computed torque controller, whereas PIDtype computed torque controller only uses exact values of M, , G, Q*, and Q is unknown. Especially, the fuzzy controller does not use dynamical equations (11) to adjust control force/torque U.
PD-type and PID-type computed torque controllers
To implement a desired task, the MRM robot is controlled in the joint space so that the tool conducts the relative motions on workpiece based on technological requirements. Throughout this article, q In other words, the driving torques u(t) at actuated joints are adjusted to guarantee the desired errors e(t) and _ eðtÞ of the position and the velocity, respectively. With attention to the notation indicated in (1), e(t) and _ eðtÞ are defined by 
Although closed-form MRM robot contains seven movable links, we uniquely consider the five first elements of e(t) and _ eðtÞ since it just consists of five actuated joints. In other words, we just control five actuated joints; however, the kinematic and dynamical relationship must be guaranteed for seven joints. In this section, PD-type and PID-type computed torque controllers are presented to control closed-form MRM robot to implement desired tasks.
Based on the second equation of equations (11), the acceleration of passive joints € q c is determined after the acceleration of actuated joints € q a is identified. To determine the computed torque for controllers, the first equation of equation (11) 
Matrix I and Z are identity and zero matrix, respectively. Computed torque vector U corresponds to actuated joints which are calculated based on above equations.
PD-type computed torque controller
The control rule of PD-type computed torque controller is presented
K D and K P are derivative matrix and proportional matrix, respectively, which are tunable and can be set to optimal values. Ultimately, these parameters are chosen as optimal based on fast response and small overshoot/undershoot: K P ¼ diagf22,500, 22,500, 22,500, 22,500, 22,500g and K D ¼ diagf300, 300, 300, 300, 300g.
PID-type computed torque controller
The control rule of PID-type computed torque controller is presented
In the same way to PD-type computed torque controller, K D , K P , and K I are derivative, proportional, and integral matrices respectively, which are chosen as optimal based on fast response and small overshoot/undershoot: K P ¼ diagf22,500, 22,500, 22,500, 22,500, 22,500g, K D ¼ diagf300, 300, 300, 300, 300g, and K I ¼ diagf300, 300, 300, 600, 600g.
Control framework
The control framework of the PD-type and PID-type computed torque controllers are shown in Figures 2 and 3 , respectively, in which inverse kinematics with Jacobian is used to pre-calculate the desired joint values, based on the requirements of desired task. The controller adjusts the driving torque on each actuated joints through the position error and the velocity error. In this scenario, the PD-type computed torque controllers uses the exact dynamic model of control systems since it is assumed that exact dynamic equations are identified, and PID-type computed torque controller uses exactly dynamical equations (11) except for Q. Based on the kinematic constraints in closed-form mechanism, the position, velocity, and acceleration of the passive joints are calculated to serve control task since controller must simultaneously guarantee the desired task and kinematic and dynamical connections of closed-form mechanism. The robot model and the PD-type and PIDtype computed torque controllers use similar exact dynamic model of closed-form MRM robot because the PD-type and PID-type computed torque controllers use the dynamic model of control system to adjust the torque. As a consequence, the complicated dynamic model must be computed two times which leads to high computational cost.
Fuzzy-based controller
The fuzzy inference mechanism is known to be computationally more efficient than the vector control algorithms, which is mostly due to the avoidance of the requirement of detailed mathematical model of the control system. This is a great tool which helps to come to real-time application, and it works well with optimization and adaptive techniques.
32-36
The procedure of fuzzy control formulation To construct fuzzy-based controllers for solving several engineering problems, the following scheme including five main tasks should be conducted:
-Based on the requirements of engineering tasks, determining the inputs outputs of control systems and their physical domains. -Defining the membership function to fuzzificate inputs and outputs into the fuzzy sets. Herein, the number of linguistic values should chose so that the fuzzy set reflects adequately the features of control system and the fuzzy rule base is not too complicated. Then, the sub-physical domain for each linguistic value should be defined suitably for each linguistic value. -Identifying the fuzzy rule base based on the features of control systems where fuzzy rule base demonstrates the relationship among inputs and outputs through the linguistic values.
-Choosing the composition of fuzzy relations to infer the outputs' fuzziness through the fuzzy rule base. Since each input (or output) always belongs to two sub-physical domains describing two different linguistic values, the input (or output) at one moment can be described by two linguistic values. As a result, one input (or output) belongs to several fuzzy rules at the same time, so a composition of fuzzy relations should be used to infer the fuzziness of one fuzzy clause by using one operator and then infer the fuzziness of output from whole fuzzy rule base. -Finally, to obtain the actual control quantity, a de-fuzzification must be used to map the fuzziness values of outputs to their physical values.
Fuzzy controller for closed-form MRM robot
Based on above scheme of fuzzy approach, a fuzzy-based controller is formulated to solve mentioned problems for closed-form MRM. In general, it is difficult to obtain a precisely dynamical equation of closed-form MRM robot. The use of the PDtype and PID-type computed torque controllers for controlling closed-form MRM robot meets several shortcomings, and we must assume that components of dynamical equations can be determined exactly; however, it is impossible in reality. This observation raises the need for using the human-like decision of fuzzy logic to build-up the controller for closed-form MRM robot. For fuzzy-based controller, the mechanical interactive force Q* and nonconservative force Q are unknown. We just use the nominal values of M 5Â5 , 5Â5 , and G 5x5 (these values are just calculated based on the dynamical parameters of five movable links) to pre-approximate the physical domains of output. All of these dynamical parameters are not used in the proposed fuzzy-based controller. Now, we just consider five joint variables of five actuated joints since the interactive force is included in unknown forces. In this article, the fuzzy controller has two linguistic input vectors and one linguistic output vector, which are denoted by Fe, Fde, and u(t), respectively; in which Fe and Fde represent for the variables e(t) and _ eðtÞ, and u(t) represents for the variable u(t) 
Based on Ali et al., 37 the fuzzification of the input and output variables into the fuzzy terms is conducted by using five-triangular-membership function which is illustrated in Figure 4 . Herein, FL i is the fuzzy term of each linguistic value, determined by subdomain X i in physical domain [Min, Max] of inputs/output. This membership function is used for all of the input and output.
The relationship among inputs and outputs is summarized in Tables 3 and 4 of The rule base of proposed fuzzy-based controller can be presented by (32) and (33) 
The max-min composition is used for the inference mechanism of this rule base, which is defined by the membership function-theoretic and set-theoretic expressions, described by equations (34) and (35), 32 whose purpose is to determine the fuzzy quantity of the outputs after the fuzzy rule set.
The range of inputs are determined based on the desired errors; and the range of outputs are determined through the range of inputs and the nominal values of M 5x5 , 5Â5 , and G 5x5 which are shown as form in Table 5 .
Finally, to obtain the actual control quantity of u, the barycentric defuzzification is used in this article based on Naaz et al. 38 The value of barycentric defuzzification is calculated through equation (36) . It is clear that x 0 is the horizontal value of center of region which is created by horizontal axis and membership function B 0 ðxÞ
The framework of fuzzy-based controller is shown in Figure 5 , in which inverse kinematics with Jacobian is used to calculate the desired joint values, based on the requirements of desired task. The controller adjusts the driving torque on each actuated joints through the position error and the velocity error. In this scenario, the fuzzy-based controller just uses several nominal dynamical parameters. The kinematic bindings of closed-form mechanism, dynamic deviations, and noises are considered as unknown components. By doing this, not only is the computational cost of fuzzy-based controller lower than PD-type and PIDtype computed torque controllers, but the controller building-process based on fuzzy logic is also more easily.
Evaluation
To verify the proposed controller, a welding task is conducted by using the proposed MRM robot as shown in Figure 6 . Other scenarios using the PD-type and PID-type computed torque controllers are also implemented, whose purpose is to compare with the proposed method.
Description of welding task
Welding technical parameters are shown in Table 6 . The tube 3 is welded with machine part 2 following butt-weld 4. During the work, part 2 is fixed on jig-robot's 
Implementation and results
To verify the proposed fuzzy-based controller, the welding task is conducted in three scenarios using fuzzybased controller, PD-type and PID-type computed torque controllers, respectively. The control framework for these scenarios is shown in Figures 2 and 3 for the PD-type and PID-type computed torque controllers and Figure 5 for the fuzzy-based controller. Herein, task requirements are the technological requirements of welding tasks.
The simulation results of the implementation of welding task are shown in Figures 7 to 13 . The results have shown that the fuzzy-based controller is more accurate than the PD-type and PID-type computed torque controllers even though the PD-type and PID-type computed torque controllers use detailed dynamical model of closed-form MRM robot, whereas the proposed fuzzybased controller just uses the nominal parameters. The position error of each joint by using fuzzy-based controller is less than by using PD-type and PID-type computed torque controllers, and as a results, the position error of welding path by using fuzzy-based controller is smaller than by using PD-type and PID-type computed Figure 5 . The scheme of the fuzzy-based controller. torque controllers. It is clear that the fuzzy-based controller is an effective tool for complex-structured robots and handling uncertain and noisy signals.
Conclusion
A fuzzy-based controller is presented in this article, whose purpose is to overcome several shortcomings in closed-form MRM robot control. The inference mechanism of fuzzy logic equips controllers with opportunities to reduce the difficulty of MRM robot's kinematic and dynamical identification. Furthermore, the obtained results have shown that the proposed controller is more accurate than the PD-type and PID-type computed torque controllers. The analysis and results in this article is a meaningful contribution to expand the research and application of modern theories for complex-structured robots control. In the next research, an algebraic approach will be applied to fuzzy-based controller to improve the controller's accuracy.
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